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ABSTRACT:. The HA2 subunit of influenza hemagglutinin is responsible for fusion of the viral and host-
cell membranes during infection. An N-terminal 127 amino acid construct of HA2, FHRZ, is shown

to induce lipid mixing of large unilamellar vesicles under endosomal low pH conditions. Thus, FHA2
could serve as a good model system for biophysical studies of membrane fusion. With FHA2, we began
to develop a mechanistic model which could explain how this short construct facilitates membrane fusion.
In this endeavor, we studied the possible role of the kinked loop region (amino acid4 185 A construct
missing this loop, FHA2 90, although able to induce lipid mixing, has lost the sharp pH-dependent
transition seen with FHA2127 and native HA. In addition, FHA2127 promotes extensive vesicle
aggregation more effectively than FHA®O0 upon acidification. These data suggest that the kinked loop
may play a pH-dependent regulatory role. To test this, we compared bis-ANS binding to the two constructs
and observed that binding to FHAZ27 increases at a faster rate than FHAD as the pH is decreased,
indicating that the kinked loop not only is an ANS-binding site, but that it binds better at low pH. The pH
dependence of this transition directly correlates with that observed in lipid mixing. Further, cysteine
mutations of acidic residues in the kinked region are both fusion inactive and bind much less ANS, whereas
a similar mutation of a threonine residue had little effect on fusion activity or ANS binding. This evidence
lends further support to our idea that the kinked loop serves a regulatory role. To test the physiological
relevance of the FHA2127 fusion mechanism, we studied the effects of a G1E mutation, known to
abolish fusion in native HA. We found that G127 is fusion inactive as expected. This evidence indirectly
suggests that the mechanism of FHAR27 is perhaps physiologically relevant and from its study, we
can learn much about the mechanism of native HA.

Membrane fusion is ubiquitous, occurring in all life exposes the highly hydrophobic N-terminus of HA2, the
processes in which cellular contents must be passed throughusion peptide. Following this event, HA2 promotes rapid
a membrane barrier, such as viral infection, neurotransmis-membrane fusion and ultimately insertion of the viral genome
sion, fertilization, and intracellular protein trafficking (for into the host cell 4).
review, see rel). Specialized membrane-bound proteins are  Our studies have focused on a small construct of the
often required to assist in overcoming the free-energy barriersectodomain of HA2, FHA2 127 (a.a. +127). This construct
to membrane fusion, such as water exclusion and membraneconsists of the N-terminal fusion peptide, a coiled-cail
apposition. Recent structures of a variety of fusion proteins domain, and a kinked loop region, in a conformation
show a similar core structure, which suggests the possibility analagous to the low-pH HA2 fragment structugg. (The
of a general mechanism of actio® 8). In a search for such  fusion peptide inserts into target membrar®@s¢sulting in
a possible generality of the fusion mechanism, the hemag-perturbation of membrane structuré).(It has been previ-
glutinin protein of the influenza virus is arguably the best ously shown that the isolated 20 amino acid N-terminal
model system. fusion peptide can induce lipid mixing at high concentrations

Hemagglutinin is a glycosylated membrane protein which of peptide at low pH conditions). This N-terminal segment
exists as a trimer on the surface of the influenza virust HA of FHA2—127 appears essential for promoting membrane
is posttranslationally cleaved to yield two chains, denoted fusion, as a construct missing this region, SHA2 (a.a- 32
HA1 and HA2, which remain linked by a disulfide bond. 127), is virtually completely inactive in inducing lipid mixing
HA1 contains a binding site for its cell-surface receptor, sialic (9). However, the potency of the isolated fusion peptide in
acid, which is attached to carbohydrates of host cell
membrane proteins. After binding, the cell internalizes the  * Abbreviations: HA, hemagglutinin; FHA2127, residues 4127
virus by endocytosis. The acidic pH of the endocytic vesicle of HA2; FHA2-90, residues +90 of HA2; a.a., amino acids; SHA2,

. . . . . residues 32127 of HA2; EPR, electron paramagnetic resonance; LUV,
induces a large dramatic conformational change in HA which large unilamellar vesicles; bis-ANS, 4dianilino-1,1-binaphthyl-5,5

disulfonic acid; DOPC, dioleoylphosphatidylcholine; DOPE, dioleoyl-
* To whom correspondence should be addressed. Phone: (510) 643-phosphatidylethanolamine; QUELS, quasi-elastic light scattering; N-Rh-

5507. Fax: (510) 643-1255. PE, N-(lissamine Rhodamine B sulfonyl) phosphatidylethanolamine;
* University of California—Berkeley. N-NBD-PE, N-(7-nitro-2,1,3,-benzoxadiazol-4-yl) phosphatidyletha-
§ McMaster University Health Sciences Center. nolamine.
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promoting lipid mixing is far less than that of FHAZ27

(9). A factor which likely contributes to the increased potency
of FHA2—-127 is the coiled-coil region which makes the
molecule trimeric, allowing several fusion peptides to

LeDuc et al.

in a vacuum desiccator. Lipid films were then rehydrated

with the appropriate buffer, vortexed and freeze thawed five

times to produce a suspension containing 12.5 mg/mL lipid.
This suspension was then extruded 10 times through two

function together in a cooperative manner. The role, if any, 100 nm polycarbonate filters (Nucleopore, Pleasanton, CA)
of the kinked loop had not yet been determined. However, using a steel barrel extruder (Lipex Biomembranes, Van-
recent spin-labeling EPR studies of this region (a.a.-105 couver, BC) under nitrogen pressure. After extrusion, LUVs
113) of FHA2-127 showed that acidification results in  were stored on ice under argon and used within a few hours.
decreased solvent accessibility, but not membrane insertion, Quasi-Elastic Light Scatterind.he size distribution of the
of these residued. (). Negatively charged at neutral pH, the LUVs was determined with quasi-elastic light scattering using
kinked loop is perhaps more protonated under acidic condi- a Brookhaven model B1 9000AT digital correlator equipped
tions creating an exposed, hydrophobic patch. Adjacentwith a BI-200sm goniometer, version 2.0, and a BI-900AT
FHA2—127 trimers may aggregate at these junctions allow- Digital Correlator System. Size distribution was calculated
ing for even larger FHA2 127 clusters. Previous work has using a nonnegatively constrained least-squares method with
shown that for native HA, such aggregation of multiple software provided by the instrument manufacturer.
trimers is necessary for fusiod{—13). Lipid Mixing Assay for Membrane Fusiomhe resonance
The present work extends our previous studies to deter-energy transfer assay of Struck et 8ll)(was used to monitor
mine the mechanism by which FHAZ27 causes lipid membrane fusion. LUVs were prepared from DOPC:DOPE:
mixing. The structure of the soluble domain of FHAR27 cholesterol at a molar ratio of 1:1:1. Two populations of
has been shown to be virtually the same as the low pH HA2- LUVs were prepared, one unlabeled and one labeled with 2
fragment structure 1d). For FHA2-127, the membrane  mol % each of N-Rh-PE and N-NBD-PE. A 9:1 molar ratio
topology of the fusion peptide region has also been deter-of unlabeled to labeled liposomes was used in the assay. In
mined (5). In this work, we show that the kinked loop region a typical experiment, LUVs at a lipid concentration of 150
plays a regulatory role in FHA2127-induced fusion.  or 300uM were added to 2 mL of buffer containing 5 mM
Further, we show that a well-known G1E phenotype mutation Hepes, 5 mM Mes, 5 mM citric acid, 0.15 M NaCl, and 1
blocks the FHA2-induced lipid mixing as it does in native mM EDTA, pH 7.0 (Hepes-Mes-citrate), continuously stirred
HA. A mechanistic model for FHA2-induced membrane at 37°C in a 1 cnd silanized glass cuvette. The peptide was
fusion consistent with experimental data is proposed. Sincethen injected, and the fluorescence was recorded at pH 7.
FHA2—-127 causes membrane fusion assayed by lipid The pH of the sample was then brought down to 5.0 by
mixing, conclusions derived from FHA2127 studies should  adding a small volumefal M citric acid. After recording
be useful in understanding the mechanism of membranethe fluorescence for several minutes, complete lipid mixing
fusion in general. was induced by adding 2@L of 10% Triton X-100.
Fluorescence was recorded at excitation and emission
MATERIALS AND METHODS

wavelengths of 465 and 530 nm, respectively, using a 490
Materials. The amino acid sequence of FHAR20 from

nm cutoff filter placed between the cuvette and the emission
the X-31 strain of influenza virus is GLFGAIAGFIENGWE-  monochromator, with 4 nm bandwidths, on a SLM Aminco
GMIDGWYGFRHQNSEGTGQAADLKSTQAAIDQINGK- Bowman AB-2 spectrofluorimeter. The initial residual fluo-
LNRVIEKTNEKFHQIEKEFSEVEGRIQDLEKYVEDT- rescence intensityk,, was taken as zero. The maximum
KID, and the full 127 amino acid FHA2 also has the addi- fluorescence intensitysma, Was obtained by the complete
tional residues LWSYNAELLVALENQHTIDLTDSEMNK- dilution of labeled lipids by Triton X-100. The percent lipid
LFEKTRRQLR at the carboxyl terminus. Mutants GIE  mixing at timet is given by [ — Fo)/(Fmax — F)]100.
90 and G1E-127 were made by site-directed mutagenesis  All of the assays reported here were repeated at least twice.
using the Quikchange Kit from Stratagene (Cedar Creek, The observed rate of lipid mixing was reproducible to within
TX). These peptides were expressedBacherichia coli

+15% of the value measured at any particular time, for
BL21(DE3)pACYC as previously described.(). Final assays carried out with a single liposome preparation (used
peptide preparations were purified to approximately 98% within a few hours of preparation) and a single peptide
purity in concentrations ranging from 40 to 1M in the

preparation. Measurements made with different liposome
following buffer: 0.05% Triton X-100, 500 mM NaCl, 0.4  preparations on different days showed greater variability. The
mM DTT, 1 mM EDTA, 1 mM PMSF, and 5 mM citrate-

exact amounts of both Triton X-100 (TX), although less than
phosphate buffer, pH 7.

0.001% in all experiments, and aggregated or denatured
All phospholipids as well as the fluorescently labeled lipids

protein in a protein preparation cannot be accurately estab-

N-(lissamine Rhodamine B sulfonyl)phosphatidylethanola- lished. Since TX inhibits the fusogenicity of these proteins
mine (N-Rh-PE) andN-(7-nitro-2,1,3-benzoxadiazol-4-yl)  and denatured or aggregated protein does not contribute to
phosphatidylethanolamine (N-NBD-PE) were purchased from fusion, these factors complicate direct quantitative compari-
Avanti Polar Lipids (Alabaster, AL). The labeled lipids were son of the constructs.
made from egg phosphatidylcholine by transphosphatidyla- Leakage.Leakage of vesicle contents was measured
tion. Other fluorescent labels were purchased from Molecular according to the procedure of Ellens et &2) A solution
Probes (Eugene, OR). containing 12.5 mM ANTS, 45 mM DPX, 68 mM NacCl, 5

Preparation of Large Unilamellar Vesicles (LUVp- mM Hepes, 5 mM Mes, and 5 mM citric acid was adjusted
propriate concentrations of lipids were dissolved in chloroform/ to pH 7.0. The osmolarity was adjusted to 335 mosm with
methanol (2/1 v/v) and deposited on the walls of a glass tubeNaCl, and measured with a cryoosmometer (Advanced
by drying first under a stream of nitrogen and then for 2 h Model 3MOplus Micro-Osmometer, Advanced Instruments
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Inc., Norwood, MA). Lipid films were suspended in buffer Kinked Regions
containing the ANTS and DPX, at a lipid concentration of
12.5 mg/mL. LUVs were made by extrusion as described
above and the unentrapped material separated by passing the
extruded vesicles through a 2520 cm column of Sephadex
G-75 (Pharmacia, Sweden), eluting with Hepes-Mes-citrate
buffer, pH 7.0, adjusted to 335 mosm. The LUVs eluted in /%
the void volume (7 mL) and were kept on ice prior to use.

The lipid concentration in this suspension was determined
by phosphate analysi83). Excitation and emission wave- FHA2-127 FHA2-90

lengths were 360 and 530 nm, respectively. A 490 nm cutoff FiGure 1. Structural models of FHA2127 and FHAZ2-90 bound
filter was placed between the cuvette and the emissiont© @ membrane.

monochromator, and 4 nm bandwidths were used. In a typical, . . . .
experiment, 300 or 150M LUVs were placed in a quartz indicate that the fusion peptide exists as a locally monomeric
cuvette containing 2 mL of buffer pH 7.0, at 3T. After helix which inserts into the membrane at both neutral and

the peptide was added, the fluorescence was recorded anf!SCgenic pH at approximately a 2angle from the hori-
then the pH was lowered to 5.0 by acidification with 1 M zontal on the membrane surfacf) (Figure 1). Hence, in
citric acid. After recording the fluorescence for several these respects, FHA2127 has the structural appearance of
minutes, 2QuL of 10% Triton X-100 was added to obtain the low pH form of HA, but without the loaded energy from
100% leakage. The percent leakage at any time was@ conformational change to aid in fusion. Yet, FHAR27
calculated as for lipid mixing. Runs were done in duplicate Still induces lipid mixing in LUVs under endosomal low pH
and showed good agreement. Controls were done as in lipidconditions ©). This, along with the fact that FHA2127
mixing. No significant light scattering artifacts or detergent Promotes lipid mixing far more effectively than the fusion
control-induced vesicle leakage were observed. peptide alone, demonstrates that other domains of FHA2

Bis-ANS Fluorescenca solution of bis-ANS was added 127 must contribute to the acceleration of lipid mixing.

Fusion Peptide
i

| Membrane

to 2 mL of a buffer of 5 mM Hepes, 5 mM Mes, 5 mM This study attempts to elucidate what the functional role
citric acid, 0.15 M NaCl, and 1 mM EDTA, pH 7.4 (Hepes- Of the kinked loop region might be for FHAZL27-induced
Mes-citrate), to give a final concentration of 31 bis- lipid mixing. The introduction of cysteine mutations at acidic

ANS. Peptides were added to the buffer prior to the bis- residues in the kinked loop region abolishes the fusogenicity
ANS, at a concentration of 0.125M for FHA2 and of FHA2—127, whereas a cysteine mutation at an adjacent
FHA2(1-90) and 1uM for the mutant forms of FHA2. The  threonine did not alter the extent or rate of Iipid mixirg).(
mixture was incubated for 20 min to allow for equilibration. These data suggest that the kinked loop region must play a
Fluorescence was measured using siliconized glass cuvettesSritical role in membrane fusion. Since the above results
at 37 °C. Excitation was set at 400 nm and the emission Suggest that the overall charge of the kinked loop might be
was measured at 479 or 474 nm, with a 420 nm cut off filter important in FHAZ-127 fusogenicity, we performed ANS-
placed between the cuvette and the emission monochromatordinding studies to determine if the hydrophobicity of the
After measurement of the bis-ANS spectrum at neutral pH, kinked loop changes with a decrease in pH.

the pH was lowered with the addition of small aliquots of 1~ ANS-Binding AssaysThe fluorescence probe bis-ANS

M citric acid. All measurements were done in duplicate. No does not fluoresce in aqueous solutions but becomes strongly
changes in fluorescence emission intensity of bis-ANS were fluorescent in a hydrophobic environment. This probe is often

observed with pH in the absence of peptide. used to bind to hydrophobic surfaces of proteins where it
undergoes an increase in quantum yieid (Thus, the ability
RESULTS to bind ANS indicates an exposed hydrophobic site. (This

The pH dependence of HA-mediated fusion is known to binding is not necessarily indicative of membrane interac-
correspond to a dramatic conformational change in the tion.) Bis-ANS has been previously used with both the intact
protein at the initial stage of fusion. The pH 7 structure influenza virus 21) as well as the bromelain-cleaved
exhibits a buried fusion peptide, which is distant from both ectodomain of the influenza hemagglutinin prote22)(to
the target and viral membrane$6{. At pH 5, the fusion study the appearance of hydrophobic-binding sites at low
peptide is exposed as it is displaced 100 A by extension of pH. These studies both demonstrated an increase in bis-ANS
the central coiled-coilg). It has been hypothesized that HA  binding to HA at acidic pH. This pH-dependent increase in
is kinetically trapped in its pH 7 conformation and that low ANS binding could be explained, of course, by the exposure
pH allows it to adopt a more thermodynamically stable state of the hydrophobic fusion peptide at acidic pH, but could
(17). The resulting free energy released during this processalso indicate an increase in the hydrophobicity of other
may somehow be used to dehydrate the intermembrane spacdomains. We have employed this probe to study segments
of the lipid bilayers, although the precise mechanism for such of the ectodomain of the HA2 subunit, FHA227. For
a process has not been experimentally determia&d ( FHA2—-127, there is a large increase in the fluorescence of

A similar mechanism cannot explain FHA227-mediated ~ bis-ANS when the pH is changed from 7.4 to 4.6 (Figure
mixing of vesicles. In the absence of the HA1 subunit, the 2). The steep pH dependence in ANS binding for FHA2
low pH conformation is expected to be attained even at 127 on lowering pH closely resembles what has been
neutral pH (4). Indeed, the central coiled-coil retains the observed in the intact influenza virugl).
extended trimeric structure with kinked loops in this shorter ~ We also examined the pH-dependence of the fluorescence
construct 10, 19). In addition, spin-labeling EPR experiments of several cysteine mutants in the kinked loop region. These
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. . ) ) curves represent lipid mixing observed in the presence of 0.50, 0.25,
FIGURE 2: Fluorescence intensity of bis-ANS in the presence of or 0.1254M FHA2-90.

FHA2—-127 (diamonds) or FHA290 (circles) as a function of pH.

26 - EPR studies which demonstrated that the kinked loops cause
the aggregation of FHA2127 trimers 10).

Deletion of the Kinked LoofI-he close correlation between
lipid mixing and bis-ANS binding could be indicative of
some functional roles of the kinked loop in FHA2-induced
membrane fusion. To determine its specific function, we
compared the FHA2127 lipid mixing assays and bis-ANS-
binding studies with those of a shorter construct, FHA2
90, which is missing the kinked loop and subsequent helix.
FHA2—-90 does contain the fusion peptide and is trimeric
as determined by glutaraldehyde cross-linking (data not
shown). The measurements of fusion by lipid mixing and of
liposome leakage were initiated by addition of peptide to a
suspension of the liposomes in pH 7.0 buffer, followed by
acidification to the desired pH. There is a marked increase
in the rate of lipid mixing when LUVs of DOPC:DOPE:

cholesterol (1:1:1) are acidified to pH 5 in the presence of
Ficure 3: Relative fluorescence intensity of bis-ANS in the pres- FHA2—90 (Figure 4).

ence of (T111C)-FHA2 (*), (E114C)-FHA2 (diamonds), (D112C)- . . P .

FHA2 (down arrows) or (D109)C-FHA2 (up arrows) as a function . We can conclude that little, if any, lipid mixing .aCtIVIty
of pH. The absolute fluorescence intensity is lower than that of IS 10st at pH 5 by removal of the kinked loop in going from
FHA2-127 for all of the Cys mutants. The different sensitivity to FHA2—127 to FHA2-90. However, when these data are

pH is best illustrated by showing the fluorescence intensity of the compared with the previously reported results for FHA2-
peptide at a particular pH relative to its value of pH 7.4. 127, we see some distinct differences in the pH dependence.
. ) With regard to bis-ANS binding for FHA290, ANS binds
constructs bound much less bis-ANS than the wild-type ,,ch more weakly to FHA290 than to FHA2-127 at all
FHA2~127, and, for this reason, the mutant peptides, excepty conditions studied. This is most likely due to the lack of
for T111C, were studied at 8-fold higher concentration. Itis he pytative ANS-binding loop in FHA290. Additionally,
particularly interesting that the pH dependence of the {he increase in bis-ANS binding to FHADO over the pH
fluorescence for these mutants is largely maintained for the yange 7.4-4.6 occurs more gradually as the pH is decreased
(T111C)-FHA2-127 but is completely lost with the other  than is seen with FHA2127 (Figure 2). In lipid-mixing
three mutants D109C, D112C, and E114C (Figure 3). Very assays, both peptides exhibit a marked increase in fusogenic
interestingly, D109C, D112C, and E114C mutations of activity at acidic pH (Figure 5), but the pH dependence of
FHA2—127 have been determined to completely abolish lipid FHA2—90 occurs over a broader range of pH and less closely
mixing under low pH conditions, while the T111C mutant resembles that of the virus than those of FHA27 23).
retains the full fusogenicity of FHA2127. The deletion of  Thus, FHA2-90 is fusion active, but has lost the sharp, pH-
a negative charge in the loop may shift the pH necessarydependent transition seen in native HA and FHA27.
for titrating the remaining negatively charged residues lower.  Quasi-Elastic Light Scattering Experimentale further
Thus, the pH-dependent exposure of hydrophobic-binding compared the properties of FHA227 and FHA2-90 by
sites correlates very well with the fusogenic potency of these measuring their effect on vesicle aggregation. The aggrega-
peptides 9). These results indicate that the kinked region is tion of LUVs of DOPC:DOPE:cholesterol (1:1:1) was
most likely one of the major binding sites for bis-ANS upon measured by right angle light scattering as well as by
acidification and that there is an increase in the hydrophobic- turbidity measurements. At neutral pH, there is no time
ity of this region at low pH. This is consistent with earlier dependence of turbidity of the LUVs either with or without

Relative bis-ANS Intensity
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Ficure 5: pH dependence of the effects on membrane fusion of
150uM LUVs composed of DOPC:DOPE:cholesterol (1:1:1) with
FHA2—-90 (solid circles) or FHA2127 (solid squares). The %
lipid mixing as the value measured at each pH at 350 s, relative to : - ]‘ J
that measured for each of the two peptides at pH 4.2. Rate of in- ) H_
crease of lipid mixing becomes very slow after 350 s. Measurements

were carried out with two different batches each of the constructs
with 0.25 and 0.12%M concentration in separate experiments. JW 4

added peptide. Upon acidification of LUVs alone, there is
little change in the turbidity, but in the presence of FHA2
127 or FHA2-90, there is a time-dependent increase which t
is more rapid with FHA2-127 (data not shown). The vesicle ' T " W
aggregating properties of FHAD0 were studied more S Dianster ma
extensively with quasi-elastic light scattering (QUELS) and
compared with those of FHA2127. In the absence of
peptide, but with the same amount of detergent, analysis of T @ s s
the 100 nm diameter extruded vesicles showed that their size Dianster m
was close to that anticipated from the pore size of the Ficure 6: QUELS analysis of vesicle size distribution after incu-
polycarbonate filter and that they had a narrow size distribu- bation at 25°C with 0.25:M peptide: (a) FHA2-127, from top
tion. The size distribution did not change with either time 0 bottom: curve 1, pH 7, “zero time”; curve 2, pH 5, “zero time”;
. ... _curve 3, pH 5, 10 min; curve 4, pH 5, 220 min; curve 5, reneu-
or pH (data not shown). Th'_s was also th? (,:"?‘SG _after addltlontralized to pH 7 at 220 min. (b) FHA290, from top to bottom:
of FHA2—-127 at pH 7 (Figure 6a). Acidification of the curve 1, pH 7, “zero time”; curve 2, pH 5, “zero time”; curve 3,
liposomes in the presence of FHA2 caused little change in pH 5, 180 min; curve 4, reneutralized to pH 7. LUVs (30@) of

the mean diameter but did broaden the size distribution over POPC:DOPE:cholesterol (1:1:1) were used. The graphs show

the first 10 min (Figure 6a). After 186220 min, the scattering intensity versus particle diameter on a logarithmic scale,
distributi bi gd | 'tH fracti f1h T | assuming a spherical shaped particle. For “zero time” data, QUELS
Istribution was bimodal, with a raction or the VesICIES a5 measured immediately after sample preparation, but the

having a size on the order of microns. Neutralization of this resulting size distribution comes from data averaged over 5 min.
mixture markedly reduced the average size, although the size

was still greater than the original vesicles (Figure 6a). what reduced by neutralization back to pH 7, but this reversal
Increased size of the vesicles can be caused by eitherin vesicle size is not as dramatic as with FHAR27.
aggregation of the vesicles or by membrane fusion. The GI1E Fusion-Inhibiting Mutation.We also tested the
partial reversibility of the size of the very large aggregates similarity of FHA2-mediated fusion to that induced by native
with pH demonstrates that they are formed mostly by HA by determining the effect of mutation on FHA2's lipid-
aggregation10), but the finding that the final size is larger mixing ability. It has been previously shown that a mutation
than the initial vesicles after neutralization suggests that someat position 1 of HA2 from Gly to Glu in native HA abolishes
vesicle fusion has taken place, in accord with the results of fusion while nativelike interaction with lipid is retaineg4).

the lipid mixing assays. In comparison, FHAQ0 exhibits If FHA2—127-mediated fusion is physiologically relevant,
much less increase in size on incubation at pH 5 (Figure such a mutation should also abolish lipid mixing activity in
6b). The initial mean diameter of the vesicles at pH 7 is our in vitro vesicle system. Indeed, the G1E27 mutant is
somewhat larger in the presence of FHAZD and suggests  unable to induce a significant amount of lipid mixing under
there may already be extensive aggregation of the liposomedow pH conditions (Figure 8). In addition, whereas FHA2

to dimers even at pH 7. This would be in accord with the 127 facilitated the aggregation of LUVs, the average vesicle
observed leakage activity of this peptide at neutral pH (Figure size remained constant upon acidification when G1E7

7). With time, the average size of the vesicles increases butwas added instead (data not shown). This provides additional
there is no extensive aggregation, with the average size beingevidence for the physiological relevance of the FHA2-
close to that of three liposomes. The average size is some4induced lipid mixing.




2738 Biochemistry, Vol. 39, No. 10, 2000 LeDuc et al.

SH and coiled-coil region are necessary components for mem-
‘ U brane fusion 9). Hgnce, FHA2-90 possesses mo;t pf the
a‘ LA components required to promote rapid lipid mixing of
M liposomes under low pH conditions.
WW It had been shown that bis-ANS binds to influenza virus
/ in a pH-dependent manner2}). The low-pH-induced
{ WMMM 2 hydro_phoblc exposure assayed by bls-Al\_lS .bmdlng could
WAWW contribute to the pH dependence of the binding of hemag-
‘ V\W\JMM glutinin protein to membranes and to the pH dependence of

the acceleration of membrane fusion. The similarity of bis-

e Leakage

[

V YT ANS binding to FHA2—.127 and th.e intact viru_s suggests
1 WMMM i that FHA2-127 contains the region responsible for the

B T hydrophobic ANS-binding site. A role in membrane fusion

350 for this ANS-binding site is indicated by the strong correla-

. 7 Promotion of vesicle contents leakage by FH/D of tion between amount of ANS binding and ability to induce

IGURE 7 | vesl H ivi H .

150 uM LUV of DOPC:DOPE:cholesterol (1:%:1) at3C, The  lipid mixing among the FHA2 127 mutants studied: those

curves represent vesicle contents leakage observed in the presencké'nd'ng less ANS also are less effective in inducing pH-

of 0.25 uM FHA2-90 after (curve 1) or before (curve 2) regulated lipid mixing. Thus, as with fusion, FHA227 has

acidification. Leakage of LUV in the absence of peptide is shown a steeper pH dependence of bis-ANS binding than FHA2

in curve 3. See Materials and Methods section for details of the 90, Also, FHA2-127 binds more bis-ANS than FHADO.

assay conditions. In addition, the only Cys mutant of four in the kinked loop

region which exhibits pH-dependent binding of bis-ANS,

T T
200 300

Time {sec)

503 (T111C)-FHA2-127, is also the only Cys mutant in this
2 e i region of the peptide which promotes membrane fusion. A
7 T pH-dependent increase in bis-ANS binding could be due to
- e . . . .
2 5 —~ either a pH-induced conformational change, which exposes
i g o a hydrophobic site or the titration of an already exposed
i : - surface. Our data indicate that the kinked region is most
[ / likely an ANS-binding site since (1) there is less ANS
j T/ binding to FHA2-90 and (2) Cys mutations of acidic
' ] residues in this region greatly affect ANS-binding. The
= S kinked region is already exposed in FHA227, so a likely
5///’7;F,,#/~mf»f~lw“ explanation for the increase in bis-ANS binding is the
0t— T Cop ——— titration of acidic residues with a decrease in pH. Thus, the
o Tee ooBee 0 kinked region seems to serve as a pH-regulated switch,
fine e perhaps inhibiting fusion at neutral pH by preventing trimer
Ficure 8: Comparison of lipid mixing induced by 0.12&M clustering and accelerating it at pH 5 by facilitating the same
FHA2-90, G1E-90, and G1E-127 with 75uM LUVs of DOPC: trimer clustering through hydrophobic interactions.

DOPE:cholesterol (1:.1:1) at pH 5.0, 3T. The important regulatory role of the kinked loop region

and the helix following it is further evidenced by results
obtained from the G1E mutants of FHA227 and FHA2-

90. G1E-127 behaves in a manner expected of HA2 in the
native virus and shows little lipid mixing or vesicle aggrega-

' tion. Surprisingly, G1E-90 retains most of its lipid mixing
function and induces vesicle aggregation upon acidification,
albeit somewhat less than that observed with FHAQ. A
possible explanation for this unexpected behavior could be
that FHA2-90 can induce lipid mixing through a different
mechanism than either FHA2L27 or native HA. Our lipid

In contrast, our results with GH90, the G1E mutant for
FHA2—-90, suggest that FHA290 can cause lipid mixing
by means of a different mechanism. Although there is again
some decrease in lipid mixing upon making the mutation
G1E-90 is still approximately 70% as effective in inducing
lipid mixing and about three times as effective as G1lE
127. Further, the QUELS data show a moderate increase in
the mean diameter of vesicle aggregates upon acidification
with G1E-90, which is partially reversed upon bringing the
tsr?éugzgttigepli-'s7sgdrﬁfeahg\?vt 322\{;?'“;25 ;ﬁzugzlggﬁiﬁ; t::r‘?l(tjmixing studies with the G1E mutants imply that such a

mechanism might require a hydrophobic region that is present

causing lipid transfer. in FHA2-90 but not in FHA2-127 to interact with the
DISCUSSION membrane. Since this req_uirement exludes the fusion pgptide,
another hydrophobic region must be present. In addition to
The details of the molecular mechanism by which viral the kinked loop, FHA2-90 is also missing the short helical
proteins promote membrane fusion is largely unknown. At segment which binds to the outside of the main coiled-coil
a minimum, the fusion protein must bring together the viral (Figure 1). Thus, the C-terminal end of the coiled-coil is
envelope and target membrane as well as perturb the bilayeexposed in FHAZ290 and not in FHA2-127. Without the
arrangement in the target membrane. Comparing the presenbuter helices, a relatively hydrophobic face becomes exposed
results of lipid mixing assays with FHA2127 and FHAZ2- as indicated in the crystal structur®).(This new nonpolar
90 with earlier work done with SHA2 (a.a. 3227) and face could interact with the membrane or the hydrophobic
the fusion peptide, we can conclude that the fusion peptide fusion peptide from nearby trimers. Although this is highly
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speculative, reinspection of our bis-ANS-binding data pro- REFERENCES

vides some support for this speculation. The removal of a
single acidic residue from the kinked loop in the FHA2
127 mutants D109C, D112C, and E114C reduced ANS
binding to approximately 1/8 of that observed with FHA2
127 at neutral pH. FHA290, which is missing the entire
kinked loop, would be expected to bind this same reduced
amount, or even less, of ANS, but instead binds ap-
proximately 1/2 that of FHA2 127, indicating the presence
of an alternative ANS-binding site.

FHA2—-90 perhaps induces lipid mixing through a mech-
anism in which the C-terminal end of the coiled-coll, in
addition to the fusion peptide, interacts with the membrane.
Thus, the kinked loop appears to play a regulatory role in
membrane fusion by preventing leakage at neutral pH and
other mechanisms of lipid mixing.

A mechanistic model of FHA2127-mediated membrane
fusion begins to develop from interpreting this and other data.
The coiled-coil region would allow the formation of a
trimeric structure which would contain three fusion peptides.
It would act by focusing the fusion peptides to the mem-
branes. Considering that the fusion peptide is the only region
interacting with membranes in our model system, it is
conceivable that these N-terminal segments could facilitate
membrane adhesion by inserting into different membranes
from one trimer. The kinked loop could bring these adjacent
trimers together. The kinked loop may also facilitate the
tilting of the trimers 25). The energy from this hydrophobic
interaction may be transferred into water exclusion, allowing
for membrane apposition.

The present work focuses on the features of HA, which
facilitate membrane fusion, and more specifically, the
mechanistic steps between the pH-induced conformational
change through lipid mixing. The mechanism of action of
FHA2—-127 most likely parallels that of the GPI-anchored
ectodomain of HA which is known to only promote hemi-
fusion 26, 27). Pore formation and content mixing require
the transmembrane domain, and without the HA1 subunit

we cannot look at such aspects as receptor binding and the 22.

nature of the conformational change. Further, our simplified
system does not contain all the factors of a biological
membrane which may affect membrane fusion.

Thus, development of a membrane fusion model for
FHA2—127 may not translate directly to a complete model
for native HA. For instance, we observe that even though
FHA2—127 has already assumed the low pH, fusion-
competent conformation, it still requires acidic pH to proceed
with lipid mixing. Previous work with native HA shows that
a conformational change induced by low pH, urea, or heat
is enough to allow membrane fusion to proceed at pH 7, 37
°C (28—30). The effect of urea or high temperature on the
structure of HA has not been well characterized. The
possibility exists that these conditions may induce less than
optimal rates of fusion through alternative pathways.

Although we have obtained some indirect evidence that
FHA2—127 may be biologically relevant, it appears that a
cellular fusion assay using FHAZL27 is necessary to
confirm this. Yet, the parallels that have been observed
between it and the native virus, such as pH-dependent lipid
mixing and ANS binding, clearly demonstrate that FHA2
127 is a minimal system from which we can learn a great
deal about the general process of membrane fusion.
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